The identification and significance of cancer stem-like cells in malignant gliomas remains controversial. It has been proposed that cancer stem-like cells display increased drug resistance, through the expression of ATP-binding cassette transporters that detoxify cells by effluxing exogenous compounds. Here, we investigated the 'side population' phenotype based on efflux properties of ATP-binding cassette transporters in freshly isolated human glioblastoma samples and intracranial xenografts derived thereof. Using fluorescence in situ hybridization analysis on sorted cells obtained from glioblastoma biopsies, as well as human tumour xenografts developed in immunodeficient enhanced green fluorescence protein-expressing mice that allow an unequivocal tumour-stroma discrimination, we show that side population cells in human glioblastoma are non-neoplastic and exclusively stroma-derived. Tumour cells were consistently devoid of efflux properties regardless of their genetic background, tumour ploidy or stem cell associated marker expression. Using multi-parameter flow cytometry we identified the stromal side population in human glioblastoma to be brain-derived endothelial cells with a minor contribution of astrocytes. In contrast with their foetal counterpart, neural stem/progenitor cells in the adult brain did not display the side population phenotype. Of note, we show that CD133-positive cells often associated with cancer stem-like cells in glioblastoma biopsies, do not represent a homogenous cell population and include CD31-positive endothelial cells. Interestingly, treatment of brain tumours with the anti-angiogenic agent bevacizumab reduced total vessel density, but did not affect the efflux properties of endothelial cells. In conclusion our findings contribute to an unbiased identification of cancer stem-like cells and stromal cells in brain neoplasms, and provide novel insight into the complex issue of drug delivery to the brain. Since efflux properties of endothelial cells are likely to compromise drug availability, transiently targeting ATP-binding cassette transporters may be a valuable therapeutic strategy to improve treatment effects in brain tumours.
The identification and significance of cancer stem-like cells in malignant gliomas remains controversial. It has been proposed that cancer stem-like cells display increased drug resistance, through the expression of ATP-binding cassette transporters that detoxify cells by effluxing exogenous compounds. Here, we investigated the 'side population' phenotype based on efflux properties of ATP-binding cassette transporters in freshly isolated human glioblastoma samples and intracranial xenografts derived thereof. Using fluorescence in situ hybridization analysis on sorted cells obtained from glioblastoma biopsies, as well as human tumour xenografts developed in immunodeficient enhanced green fluorescence protein-expressing mice that allow an unequivocal tumour-stroma discrimination, we show that side population cells in human glioblastoma are non-neoplastic and exclusively stroma-derived. Tumour cells were consistently devoid of efflux properties regardless of their genetic background, tumour ploidy or stem cell associated marker expression. Using multi-parameter flow cytometry we identified the stromal side population in human glioblastoma to be brain-derived endothelial cells with a minor contribution of astrocytes. In contrast with their foetal counterpart, neural stem/progenitor cells in the adult brain did not display the side population phenotype. Of note, we show that CD133-positive cells often associated with cancer stem-like cells in glioblastoma biopsies, do not represent a homogenous cell population and include CD31-positive endothelial cells. Interestingly, treatment of brain tumours with the anti-angiogenic agent bevacizumab reduced total vessel density, but did not affect the efflux properties of endothelial cells. In conclusion our findings contribute to an unbiased identification of cancer stem-like cells and stromal cells in brain neoplasms, and provide novel insight into the complex issue of drug delivery to the brain. Since efflux properties of endothelial cells are likely to compromise drug availability, transiently targeting ATP-binding cassette transporters may be a valuable therapeutic strategy to improve treatment effects in brain tumours.
Introduction
Glioblastoma multiforme, a grade IV glioma is a deadly tumour for which no curative treatment is available. Typical features of glioblastoma include aggressive proliferation, a strong invasive capacity and extensive angiogenesis within the tumour core. Moreover glioblastoma is known as a highly heterogeneous tumour, both at the cellular and genetic level. Like many solid tumours, brain tumours contain not only neoplastic cells but also a variety of stromal cells. More recently glioblastoma has been proposed to be maintained by a subset of undifferentiated neoplastic cells, so called 'cancer stem cells' that are thought to drive tumour progression and recurrence (Singh et al., 2003 (Singh et al., , 2004 . Cancer stem cells are defined by an increased tumorigenic potential upon xenotransplantation, long-term self-renewal capacity in vitro, a multipotent differentiation capacity and strong resistance to therapy (Park and Rich, 2009) . Glioblastoma stem-like cells are generally identified based on their expression of cell surface markers or based on their growth potential as non-adherent neurospheres in defined medium (Singh et al., 2004; Ogden et al., 2008; Son et al., 2009; Anido et al., 2010) . Despite the fact that several putative glioblastoma stem cell markers including CD133, CD15, CD44 or A2B5 are extensively used for their identification, there is still a considerable debate on how to reliably identify and isolate cancer stem-like cells in gliomas (Wang et al., 2008; Chen et al., 2010; Barrett et al., 2012) .
Because cancer stem-like cells are thought to be responsible for disease recurrence due to increased chemoresistance, we hypothesized that the ATP-binding cassette (ABC) transporters could represent a prominent functional marker for glioblastoma stem-like cells. ABC transporters belong to a superfamily of membrane pumps that catalyse the ATP-dependent transport of various endogenous compounds and xenobiotics out of the cell. The best characterized family members ABCB1 (also known as MDR1 and p-glycoprotein) and ABCG2 (also known as BCRP1) (Zhou et al., 2001; Patrawala et al., 2005) are responsible for the so-called 'side population' phenotype, originally described in bone marrow stem cells (Goodell et al., 1996) . The side population discrimination assay relies on the capacity of metabolically active cells to differentially efflux fluorescent dyes (Golebiewska et al., 2011) and has been instrumental to identify stem and progenitor cell populations in normal tissues (Challen and Little, 2006) . Moreover, side population cells were identified in certain malignancies including neuroblastomas (Hirschmann-Jax et al., 2004) , breast cancer (Patrawala et al., 2005) , ovarian cancer (Szotek et al., 2006) and various mesenchymal neoplasms (Wu et al., 2007) , where they were found to have improved clonogenic and tumorigenic potential and higher chemoresistance compared with non-side population cells. For malignant gliomas, there is conflicting data in the literature with regard to the presence of the side population phenotype, e.g. while efflux properties in glioma cell lines have been described in some reports (Hirschmann-Jax et al., 2004; Seidel et al., 2010) , they were not confirmed in others (Broadley et al., 2011; Golebiewska et al., 2011) . Moreover the side population phenotype has been characterized in putative glioma stem-like cells isolated from a transgenic mouse model (Bleau et al., 2009) ; however, no in vivo data are currently available from patient-derived gliomas. This question is particularly important since long term culture can influence dye efflux properties (Torok et al., 2003) , thus the nature and identity of the side population phenotype in human brain cancer remains elusive (Beier et al., 2011; Tang, 2012) .
It should be emphasized that the side population phenotype is neither specific nor universal for stem cells. In particular in the normal brain, ABC transporters are expressed in capillary endothelial cells where they protect neural tissue from blood-derived molecules thereby contributing to a functional blood-brain barrier (Schinkel, 1999 ). This represents a major impediment in brain disorders as endothelial membrane pumps severely restrict drug delivery to the brain parenchyma (Agarwal et al., 2011) . Anatomically the neurovascular unit consists of different cell types including microvascular endothelial cells, pericytes and perivascular astrocytes, where endothelial cells and astrocytic end-feet express ABC transporters (Bernacki et al., 2008) . In glioblastoma the blood-brain barrier is disrupted in the tumour core, which is characterized by aberrant vessel morphology and vessel leakiness. The invasive component of the tumour is, however, largely protected from circulating drugs by an intact blood-brain barrier (Carmeliet and Jain, 2011) . There is currently little known about efflux properties within glioma vessels. Another unresolved question is whether and how anti-angiogenic agents influence the efflux properties of tumour endothelial cells, and whether a 'normalized' vasculature is more or less selective for drug penetration (Agarwal et al., 2011) .
In this study we provide a detailed phenotypic and functional characterization of the side population phenotype and of tumour stroma, including brain endothelial cells, in fresh human glioblastoma biopsies and in clinically relevant patient derived xenografts.
Orthotopic biopsy-derived glioblastoma xenografts
Organotypic glioblastoma spheroids from patient samples were prepared as previously described (Keunen et al., 2011) and maintained in spheroid medium [Dulbecco's modified Eagle medium (Lonza), 10% foetal bovine serum (Lonza), 2 mM L-glutamine, 0.4 mM non-essential amino acid and 100 U/ml penicillin-streptomycin] in agar precoated flasks for 7-10 days. Enhanced GFP expressing NOD/SCID mice (Niclou et al., 2008) were anaesthetized with a mixture of ketamine (10 mg/ml) and xylazine (1 mg/ml) and fixed in a stereotactic frame (Narishige Group). Tumour spheroids with a diameter of 200-300 mm (5-6 spheroids/mouse) were implanted into the right frontal cortex using a Hamilton syringe. Tumour take was $100% and time to sacrifice varied between 1 and 5 months depending on the original biopsy (Supplementary Table 1 ). In contrast with classical adherent glioblastoma cultures and glioblastoma stem-like cells known to lose typical glioblastoma characteristics such as for example, amplification and expression of EGFR Schulte et al., 2012) , the organotypic spheroid-based xenografts closely maintain the phenotypic and genetic profile of the original patient tumours (Sakariassen et al., 2006; De Witt Hamer et al., 2008; Wang et al., 2009) . Animals were sacrificed at the appearance of neurological symptoms and weight loss. For cancer stem cell lines 5 Â 10 5 cells were injected in a 2 ml volume. Temozolomide treated animals (T16 xenografts, n = 5) received intraperitoneal injections of temozolomide (Sigma 200 mg/kg in 10% dimethyl sulphoxide) three times a week, starting 2 weeks after spheroid implantation. For anti-angiogenic treatment, animals (P3 xenografts, n = 5) received weekly intraperitoneal injections of bevacizumab (Avastin, Roche; 20 mg/kg in saline), starting 3 weeks after spheroid implantation. Control animals received injections of 10% dimethyl sulphoxide or saline. All procedures were approved by the national authorities responsible for animal experiments in Luxembourg.
Cell culture
The glioblastoma stem-like lines NCH644 and NCH421k, kindly provided by Dr Christel Herold-Mende (Department of Neurosurgery, University of Heidelberg) (Campos et al., 2010) , were cultured as non-adherent spheres in Neurobasal Õ medium (Invitrogen) containing 1 Â B27 (Invitrogen), 2 mM L-glutamine, 30 U/ml penicillin-streptomycin, 1 U/ml heparin (Sigma), 20 ng/ml bFGF (Miltenyi, and 20 ng/ml EGF (Provitro, 1325950500) (neural stem cell medium).
Side population assay combined with multicolour cell membrane phenotyping Glioblastoma tumour biopsies, xenografts and control mouse brains were minced with scalpels and dissociated with MACS Õ Neural
Tissue Dissociation Kit (P) (Miltenyi, following the manufacturer's instructions. Cultured cell lines were trypsinized (0.25% trypsin; Lonza) at 37 C for 2-3 min. Single cell suspensions were resuspended in prewarmed Dulbecco's modified Eagle medium, containing 2% foetal bovine serum, 10 mM HEPES pH 7.4 and DNase I (10 mg/ml; Sigma) at 1 Â 10 6 cells/ml followed by preincubation with or without ABC transporter inhibitors: verapamil (250 mM; Sigma) and fumitremorgin C (FTC, 10 mM; Calbiochem) for 20 min at 37 C, and a 90-120 min incubation with Hoechst 33342 (5 mg/ml, bisbenzimide, Ho342; Sigma) at 37 C with gentle agitation on a shaker. 
Gene expression analysis
Total RNA was extracted using a standard TRIzol Õ extraction protocol. values were determined in the exponential phase of the amplification curve and the ÁÁCT method was used for fold change calculations (QBase software). All samples were run in triplicates and the data was analysed with unpaired independent-samples t-test (Excel software). Statistical significance was set for two levels *P 5 0.05 and **P 5 0.005.
Results
Glioblastoma patient biopsies contain non-neoplastic, stroma-derived side population cells
Since cancer stem-like cells are characterized by increased resistance to chemotherapy, we wanted to address the question to what extent increased side population efflux properties are linked to glioblastoma stem-like cells. We applied the flow cytometric side population discrimination assay on fresh glioblastoma patient tumour samples obtained directly after surgery to visualize side population cells as a dim tail of events with decreased fluorescence in two Hoechst channels (Golebiewska et al., 2011) . Eight different patient samples were analysed (Supplementary Table 1) . Following a rigorous side population assay protocol and an appropriate gating strategy (Supplementary Fig. 1 ) to analyse single viable nucleated cells, we detected a visible side population in all glioblastoma biopsies ranging from 0.1-11.2% of the total cell number analysed (Fig. 1A , additional examples are shown in Supplementary Fig. 2 ). The side population phenotype was confirmed by appropriate inhibition controls ( Supplementary Fig. 2 ).
To determine the nature of side population cells, side population and non-side population cells (main population) were sorted from fresh patient biopsies and analysed at the single cell level by fluorescence in situ hybridization. Fluorescence in situ hybridization probes were designed to distinguish between normal and tumour cells and adapted to the genomic profile of each biopsy as determined by array comparative genomic hybridization (Supplementary Table 1) . We found that all side population cells from patient samples showed two signals for each fluorescence in situ hybridization probe, characterizing them as normal stromal cells (Fig. 1B) . In contrast, the main population cells always consisted of a mixture of normal and tumour cells (17-43% tumour cells depending on the biopsy), with patient-specific aberrations such as amplification of the epithelial growth factor receptor (EGFR) gene and loss of chromosome 10 (Fig. 1B) . Since sorting of patient biopsies yielded insufficient material for subsequent analysis (51500 cells per patient biopsy), we established intracranial xenografts in enhanced green fluorescent protein (GFP) expressing NOD/SCID mice from spheroids derived from four glioblastoma patient biopsies. We have previously shown that such biopsy-derived xenografts fully maintain the genetic and phenotypic characteristics of patient tumours including diffuse infiltration into the brain parenchyma and angiogenesis (Wang et al., 2009; Keunen et al., 2011; Huszthy et al., 2012) . The implantation into enhanced GFP expressing mice enabled a clear fluorescence-based discrimination of implanted tumour cells from enhanced GFP-positive host cells both on tissue sections and by fluorescence-activated cell sorting analysis (Fig. 1C) . This was crucial because normal healthy brain contains side population cells, as shown in Fig. 1D . All mice implanted with glioblastoma spheroids generated tumours. Importantly, in all xenografts, similar to fresh patient biopsies, flow cytometric analysis revealed the presence of side population cells (Fig. 1E , additional examples are shown in Supplementary Fig. 3 ). However, upon fluorescencebased discrimination between the tumour and stromal compartment, all side population events turned out to be enhanced GFP-positive, clearly identifying them as host cells ( Fig. 1E and Supplementary Fig. 3) . We have previously shown that for complete inhibition of brain-derived side population two different ABC transporter inhibitors are required: verapamil for ABCB1 inhibition and fumitremorgin C for ABCG2 inhibition (Golebiewska et al., 2011) . As in patient biopsies, complete blockade of efflux properties in the xenografts also required the combination of both inhibitors ( Fig. 1E and Supplementary Fig. 3 ). In summary, these results demonstrate that side population cells present within human glioblastoma belong to the non-neoplastic stromal compartment.
The glioblastoma side population phenotype is non-tumorigenic and this is independent of tumour genotype, phenotype or treatment
To further confirm the absence of tumour cells within the side population compartment, we determined the tumorigenic potential of side population and non-side population cells in glioblastoma xenografts. Side population cells ('stromal side population' cells) were separated by fluorescence-activated cell sorting from the main population of stromal cells ('stromal main population' cells) as well as from the main population tumour cells ('tumour main population' cells) (see Supplementary Fig. 4A -C for gating and quality control of sorted cells). As expected, side population cells were not able to form spheroids in vitro or grow tumours in vivo and only the tumour main population cells showed tumorigenic potential ( Fig. 2A and B) .
To verify that the lack of a side population group in tumour cells was not related to the genetic profile of human glioblastomas, five additional genetically divergent human glioblastoma cells were implanted into the brain of enhanced GFP NOD/SCID mice (see Supplementary Table 1 for overview of glioblastoma and array comparative genomic hybridization profiles). Similar to the previous xenografts, all xenografts displayed a side population, which upon tumour-host discrimination were found to be entirely host-derived independent of the chromosomal aberrations within the tumour ( Fig. 2C and Supplementary Fig. 5A ). Because the ploidy of tumour cells varies between patients and influences the identification of side population cells, an example of an aneuploid (T101) and a diploid glioblastoma (T185) is depicted in Fig. 2C (with additional examples in Supplementary Fig. 5A ). The ploidy of the tumour cells was assessed by comparison to the Hoechst level of diploid mouse cells. In all cases the tumour cells could be adequately separated from enhanced GFP-positive host cells and were never found in the side population fraction.
To characterize the side population phenotype in relation to cancer stem cell associated marker expression in patients with glioblastoma, we determined the expression level of CD133 and CD15 in the tumour populations. Interestingly, the tumours contained a highly variable percentage and a variable expression level of CD133 + and CD15 + tumour cells ( Supplementary Fig. 5B ).
Therefore we conclude that the identification of stromal-derived Side population in human glioblastoma glioblastoma side population cells appears to be independent of cancer stem-like cell marker expression in tumour cells. We also addressed the question whether side population phenotype induction might occur by cytotoxic drugs, as has earlier been suggested in a transgenic glioma model (Bleau et al., 2009) . Human glioblastoma xenografts treated with the alkylating agent temozolomide, the standard chemotherapy for patients with glioblastoma, retained the same Hoechst profile as untreated tumours both in the tumour and the stromal compartments ( Supplementary  Fig. 5C ). Taken together, our findings indicate that in human glioblastoma the side population phenotype is non-tumorigenic and is limited to the stromal compartment. Lack of efflux properties in tumour cells is independent of the ploidy, the genetic profile of the tumour, and cancer stem-like cells associated marker expression in the tumour, thus excluding the side population phenotype as a marker for glioblastoma stem-like cells.
The side population phenotype is absent in glioblastoma stem-like cells in vitro and in vivo
We also assessed the side population phenotype in glioblastoma stem-like cell lines which express high levels of CD133 and CD15 Discrimination between host stromal (green) and tumour (black) compartment revealed side population uniquely in the stromal compartment of the xenograft (blue). Data are presented as a mean value AE SEM, n 5 4. For patient biopsies SEM represents technical replicates. See Supplementary Fig. 1 for detailed gating strategy and Supplementary Fig. 3 for additional examples of xenografts. Figure 2 The side population in human glioblastoma xenografts is exclusively present in the non-tumorigenic stromal compartment.
(A) Stromal side population, stromal main population and tumour main population cells isolated from T16 xenografts by fluorescence-activated cell sorting were cultured in spheroid medium under non-adherent conditions (equal cell numbers, 10-100 000 cells/well; n = 4) in vitro. Only cells from the tumour main population formed spheroids within 2 weeks of culture. To increase the number of events and the purity of the gates used for sorting, human-specific EGFR staining was added to enhanced GFP discrimination. See Supplementary Fig. 4A for gating strategy, sorting controls and xenograft analysis. (B) Sorted cells from T16 xenograft were implanted intracranially into NOD/SCID mice (50 000 cells/animal; n = 5). At 10 weeks the tumour main population group had developed large tumours that displayed characteristic glioblastoma features, including invasion to contralateral hemisphere and aberrant blood vessels (arrows), while no tumours were seen with the stromal side population or stromal main population groups even after 20 weeks. (C) Glioblastoma xenografts derived from different patient biopsies (T101 and T185) displayed a heterogeneous Hoechst profile (grey). Tumour cells displayed varying ploidy (T101 aneuploid; T185 diploid) and side population gates were adjusted accordingly. However after tumour/host discrimination, all side population events appeared to be uniquely stroma-derived (blue). Dye efflux was confirmed by inhibition controls (250 mM verapamil + 10 mM fumitremorgin C). Additional examples are shown in Supplementary Fig. 5A . (D) NCH644 glioblastoma cells cultured under stem cell conditions in vitro was devoid of side population (n = 5) (left). In NCH644 xenografts the Hoechst profile on viable, single and nucleated cells (grey) was heterogeneous. After tumour/host discrimination side population events (blue) appeared to be uniquely stroma-derived. Side population gates were adjusted according to cell ploidy, where NCH644 cells appeared aneuploid (n = 4). MP = main population; SP = side population.
( Supplementary Fig. 5D ). In analogy to classical adherent glioblastoma cell lines shown to be side population-negative (Golebiewska et al., 2011) and in agreement with previous reports (Broadley et al., 2011) , we did not detect side population cells in the stem-like lines (NCH644 and NCH421k) grown as sphere cultures under serum-free conditions ( Fig. 2D and Supplementary Fig. 5E ). This outcome was also not affected by hypoxic culture conditions (0.1-1% O 2 ) (not shown). Since long term cultures lead to a reduction of dye efflux properties (Torok et al., 2003) , we analysed the side population profile of stem-like cells in vivo as intracranial xenografts. Similar to spheroid-based xenografts, the side population of glioblastoma stem-like cell line derived xenografts was detected only within the enhanced GFP-positive stromal compartment ( Fig. 2D and Supplementary Fig. 5E ).
The side population phenotype in glioblastoma biopsies is strongly enriched in endothelial cells
Glioblastomas recruit different types of non-neoplastic cells including endothelial cells, hematopoietic cells, mesenchymal and neural stem cells, which could represent a potential source of the side population (Aboody et al., 2000; Bjerkvig et al., 2009; Klopp et al., 2011) . One of the difficulties in identifying cells in the brain is the lack of cell-type-specific markers, which are often shared by several cell types e.g. nestin is expressed by neural stem cells, neural progenitors as well as endothelial cells (Najbauer et al., 2012) . Moreover, in brain neoplasms these markers can also be expressed by subpopulations of tumour cells. We therefore combined the side population phenotype assay with multicolour cell membrane phenotyping to determine the cellular identity of side population cells in fresh glioblastoma patient biopsies (see Supplementary Table 2 for markers used in this study).
To discriminate between tumour and stromal cells, tumour cells were identified by EGFR expression (Fig. 3A) , which is present in the majority of glioblastomas and can be detected by highly sensitive flow cytometric analysis even in the absence of EGFR gene amplification (not shown). As expected, side population cells were exclusively found in the EGFR-negative fraction. The vast majority of side population cells stained positive for the endothelial cell marker CD31 (Fig. 3A) , with co-expression of CD105 ( Supplementary Fig. 6A ), indicating that in glioblastoma patient biopsies, side population cells are largely composed of endothelial cells. This was confirmed in side population cells from five representative human glioblastomas ( Fig. 3B and C) . We further examined the presence of the side population phenotype in cell populations expressing glioblastoma cancer stem-like cell associated markers. Although efflux properties were present within CD133 + and A2B5 + cells (Fig. 3D ) these were all EGFR-negative (e.g. Supplementary Fig. 6B ). In fact all CD133 + cells within the side population co-expressed CD31 confirming their endothelial identity, while CD133 + CD31 -cells were never associated with the side population (Fig. 3E) . None of the other subpopulations, including CD15 + and CD44 + cells (Fig. 3F ) as well as hematopoietic CD45 + cells ( Supplementary Fig. 6C) showed side population characteristics. In conclusion, our data show that the side population phenotype in human glioblastoma is restricted to CD31 + CD133 + endothelial cells and A2B5 + stromal cells. These results highlight the importance of multicolor phenotyping to discriminate cell populations in complex tumour tissue, since many markers including glioblastoma stem-like cell markers are expressed both in tumour and stromal cells.
The side population in glioblastoma xenografts and normal brain contains endothelial cells and astrocytes, but is absent from adult neural stem/progenitor cells
To further confirm the cellular identity of side population cells we performed detailed multicolour phenotyping of stromal cells in glioblastoma xenografts generated in enhanced GFP expressing mice. The vast majority of side population cells in the xenografts (87-96%) stained positive for the mouse-specific endothelial cell markers CD31, CD133, CD105 and CD90 (Fig. 4A , B, Supplementary Fig. 7A and B), thus confirming their endothelial cellular identity. Similarly, side population cells in normal brain were almost exclusively composed of endothelial cells (Fig. 4B) . Because CD105 and CD90 are expressed by different cell types in the brain, it is important to note that CD105 + and CD90 + side population cells invariably co-expressed CD31 and CD133 confirming their endothelial identity (not shown). In addition to endothelial cells, the side population contained a small proportion of A2B5 + CD44 low astrocytic cells both in xenografts and normal brain (3-7% of the side population) (Fig. 4B ). These cells might represent perivascular astrocytes known to express ABC transporters in their end-feet surrounding blood vessels (Golden and Pardridge, 1999) (Supplementary Fig. 7D ).
To identify neural stem/progenitor cells in xenografts and in normal brain, we applied CD133 and CD15 marker expression combined with CD31 and CD44 negativity. 
CD44
-cells, which were never found in the side population ( Fig. 4B and Supplementary Fig. 7C ). These data indicate that neural stem/progenitor cells in the adult brain do not display efflux properties, in contrast with their foetal counterpart. Of interest, the number of neural stem/progenitor cells strongly increased in the xenograft stromal compartment compared with the normal brain (3.3% versus 1.1%). The same was true for CD44 + cells, representing glial, mesenchymal and hematopoietic cells (Fig. 4B ). These included CD11c + microglia and macrophages, NG2 + activated pericytes and oligodendrocyte-like cells as well as low levels of putative CD105 + CD90 + mesenchymal stem cells (Fig. 4B , Supplementary Fig. 7A and B) . Except for some CD11c + CD44 + cells (50.16% side population), all identified populations were exclusively in the non-side population (main population).
The flow cytometric phenotyping was corroborated by quantitative PCR analysis for lineage-specific intracellular markers. A strong enrichment of von Willebrand Factor (vWF) (Fig. 4C) , nestin and vimentin ( Supplementary Fig. 7E ) in stromal and brain side population further confirmed the endothelial cell nature of these cells. Glial fibrillary acidic protein (GFAP), an astrocytic marker, was detected at a low level in stromal and brain side population (0.3 to 0.5-fold change, Fig. 4C ). The microglia marker AIF1, the oligodendrocyte marker OLIG2 and the pericyte/mesenchymal stem cell marker desmin were present almost exclusively in the stromal main population and brain main population (Fig. 4C) . In a functional assay only cells from stromal side population (Fig. 4D ) and brain side population (not shown) were able to survive in endothelial cell medium, while in neural stem cell medium, neurospheres were generated exclusively from the stromal main population (Fig. 4E ) and brain main population (not shown), but not from side population cells.
Taken together, we show that the side population of the stromal compartment in glioblastoma xenografts, contains exclusively endothelial cells and A2B5 + astrocytes, in agreement with the cells, side population analysis was combined with multicolour phenotyping using antibodies against mouse epitopes and results were compared to normal mouse brain. Percentages of subpopulations of cells detected in the stromal compartment of the xenograft and normal brain were calculated for the whole single nucleated viable population (total stroma and total brain), side population (stromal side population and brain side population) and main population cells (stromal main population and brain main population) (n 5 4). See Supplementary characterized did not contain side populations (panels 3-6). Note that the A2B5 + side population cells co-expressed the glial marker CD44 at a medium/low level and were therefore not included in the CD44 + populations in our calculations. (C) Expression of lineage-specific markers was analysed by quantitative real-time-PCR. Mouse-specific actin and GAPDH were used as reference genes. The data are presented as mean AE SEM (n = 3). Normal brain (total brain) was used as an internal calibration (value = 1). See Supplementary Table 2 for internal cell marker expression profile and Supplementary Fig. 4 for sorting controls. Unfortunately none of the neural stem/progenitor cell markers was specific enough for PCR analysis, since nestin, vimentin ( Supplementary Fig. 7E ), SOX2 and GFAP are also expressed by other cell types in the brain. Desmin was used as a marker of pericytes and mesenchymal stem cells. (D) When sorted stromal side population and stromal main population cells were cultured in endothelial cell medium, only cells from the side population fraction were able to survive under these conditions. Only at high cell concentrations (100 000/well) occasional endothelial cells present within the main population survived. (E) Under neural stem cell conditions neurospheres developed only from the main population fraction (10 000 cells/ well). MP = main population; MSC = mesenchymal stem cells; NPC = neural precursor cell; NSC = neural stem cell; SP = side population.
Functional efflux properties in glioblastoma stromal cells rely on ABCB1, ABCG2 and ABCC4 transporters
To unravel the molecular basis of the efflux properties in glioblastoma-derived side populations we performed gene expression analysis for ABC transporters in the stromal compartment of the xenografts (stromal side population and stromal main population) and normal brain (brain side population and brain main population). ABCB1A, ABCG2 and ABCC4 were highly enriched in stromal and brain side population (Fig. 5A) . Importantly, the level of expression between stromal and brain side populations was very similar, confirming similar efflux properties in these two populations. Other transporters were hardly expressed in the side population (ABCC1, ABCC5 Supplementary Fig. 7F ) or were found at a higher level in the main populations (e.g. ABCB1B Fig. 5A ; ABCC2, ABCC3 Supplementary Fig. 7F ), indicating that they are not involved in efflux properties in the brain. The expression of ABCB1 and ABCG2 proteins was confirmed by cell membrane staining, where side population in glioblastoma patient biopsies was double positive for both ABC transporters (Fig. 5B ). Similar to normal brain, CD31 + CD133 + endothelial cells from patient biopsies and xenografts appeared mostly as a 'low side population' (Fig. 5C ). Also in analogy to the normal brain, blocking the efflux potential of endothelial cells within the tumour tissue required the combination of the two inhibitors verapamil and fumitremorgin C at high concentration (Fig. 5C ). In summary, our data show that efflux properties of the normal brain vasculature are preserved in tumour vessels and rely on the functional ABC transporters, ABCB1 and ABCG2.
The efflux properties of stromal endothelial cells are retained after anti-angiogenic treatment
There is currently a considerable debate about whether vessel normalization in brain tumours as observed upon treatment with anti-angiogenic agents will enhance or impair the delivery of concomitant chemotherapeutic drugs (Batchelor et al., 2007; Claes et al., 2008) . Although several studies have addressed the restoration of the blood-brain barrier at the macroscopic level using non-invasive imaging techniques, no data are currently available on the functional properties of endothelial cells in response to anti-angiogenic treatment. We therefore addressed whether the efflux properties of brain endothelial cells were affected after treatment with bevacizumab, a blocking antibody against vascular endothelial growth factor (VEGF). For this purpose we used an angiogenic glioblastoma xenograft (Keunen et al., 2011) that displays a high percentage of side population cells ( Supplementary  Fig. 4A ), thus indicating a large number of endothelial cells within the host cellular compartment. As shown previously, bevacizumab treatment did not increase survival (Fig. 6A) ; despite the fact that blood vessel density was decreased within the tumours (Fig. 6B) . Flow cytometric analysis confirmed that the percentages of total side population as well as endothelial cells (CD31 + CD133 + CD44 -) were significantly decreased after bevacizumab treatment (Fig. 6C) . Nevertheless, the remaining endothelial cells present in treated xenografts displayed strong efflux properties, as shown by their appearance as a low side population, equivalent to the untreated controls (Fig. 6D) . Taken together these data indicate that endothelial cells in glioblastomas remain metabolically active and possess undiminished efflux properties after anti-angiogenic treatment.
Discussion
The heterogeneity of tumour tissue, the lack of specific markers and their relative scarcity pose serious challenges to the identification of glioblastoma stem-like cells. Because of their proposed chemoresistance, we applied a detailed side population discrimination assay to identify stem-like cells in human glioblastomas. Here we show that efflux properties based on ABC transporters are absent in human glioblastoma cells, indicating that the side population phenotype cannot be used to define glioblastoma stem-like cells. Moreover, side population properties were not induced by microenvironmental stress caused by hypoxia or cytotoxic drugs. The side population phenotype, which is present in human glioblastoma tissue, was entirely stroma-derived and could be identified as endothelial cells with a small contribution of astrocytes. Interestingly the efflux properties of endothelial cells were not affected by anti-angiogenic treatment.
To our knowledge this is the first study addressing the nature of side population cells in fresh tumour tissue of human glioblastoma. Our results are in agreement with a recent in vitro study on glioblastoma cells cultured under stem cell conditions that were found to be devoid of a side population (Broadley et al., 2011) , and resolve the controversy about the side population phenotype in human glioblastomas in vivo by clearly demonstrating that side population cells in glioblastoma are non-neoplastic and do not identify stem-like cells. In this context it is important to emphasize that the side population discrimination assay is a highly sensitive technique that requires a stringent protocol and gating strategy in order to avoid false positive results (Golebiewska et al., 2011) . A direct data comparison is only possible if similar side population protocols and gating strategies are applied. The violet laser used in earlier studies (Bleau et al., 2009) was not sensitive enough for an adequate discrimination of the side population in normal brain and glioblastoma xenografts. Side population cells have been found in some neoplasms including breast cancer and have been described to possess higher clonogenic and tumorigenic potential, and increased resistance to chemotherapy as compared with non-side population cells (Wu and Alman, 2008) . However, the majority of cancer cell lines and primary neoplasms including glioblastomas, appear to lack efflux properties, indicating that factors such as tumorigenicity, the stem-like phenotype and chemoresistance are not exclusively dependent on side population properties.
We further provide a detailed characterization of the stromal cells present within glioblastomas. By combining the side population assay with multicolour cell membrane phenotyping we were able to distinguish several stromal cell populations in patient Figure 5 Efflux properties of brain endothelial cells are preserved in glioblastoma stroma. (A) Expression of ABC transporters was examined in sorted xenograft and normal brain side population and main population fractions using quantitative real-time-PCR. ABCB1A, ABCG2 and ABCC4 transporters were enriched in the side population, and their expression profile was comparable between the stromal compartment of xenograft and normal brain. Mouse-specific actin and GAPDH were used as reference genes. The data are presented as mean AE SEM (n = 3). Normal brain (total brain) was used as an internal calibrator (value = 1). See Supplementary Fig. 4 for sorting controls and Supplementary Fig. 7F biopsies, which was further confirmed and expanded upon in human glioblastoma xenografts using enhanced GFP expressing mice. In addition to endothelial cells and astrocytes, these included neural stem/progenitor cells, mesenchymal stem cells, pericytes, and microglia/macrophages. The latter four populations strongly accumulated in the glioblastomas compared with the normal brain parenchyma. The side population phenotype was clearly restricted to stromal CD31 + CD133 + endothelial cells and A2B5 + astrocytes.
In support of previous data on adult neural stem cells in normal brain (Mouthon et al., 2006) , we found that none of the stem/ progenitor populations present within glioblastomas, e.g. neural stem cells and mesenchymal stem cells, displayed dye efflux properties. In this context it is interesting to speculate that in the adult brain, efflux properties may not be required in these cells due to an established blood-brain barrier. This may also explain the lack of side population in human glioblastoma cells, which grow in an efflux protected environment, as compared with other tumour types such as breast cancer. Importantly, we show that cancer stem-like CD133 + cells in patient biopsies are not a homogenous population and include CD31 + endothelial cells carrying efflux properties. We therefore propose the use of a detailed multicolour phenotyping assay for an adequate analysis of cancer stem-like cell populations in the brain, since many markers, including CD133 and nestin, which are typically associated with neural stem cells and cancer stem-like cells, are also detected in other cell populations such as brain endothelial cells. The efflux properties in glioblastoma and normal brain vessels were found to rely on the ABC transporters ABCB1, ABCG2 and ABCC4, in agreement with a previous report showing a role for ABCB1 in the blood-brain barrier, while ABCC1 is more prominent in the blood-CSF barrier (Gazzin et al., 2008) . Interestingly we also found that in glioblastoma patient biopsies and in xenografts derived thereof, efflux properties in tumour vessels are fully functional, suggesting that the vessel leakiness in the tumour core may be due to mechanical abnormalities rather than a loss of functional endothelial cell properties. These data are in contrast to results from a transgenic mouse model, where the efflux properties of brain endothelial cells were reported to be impaired in glioma tissue (Bleau et al., 2009) . This discrepancy might be explained by abnormal features of the stromal compartment in RCAS PDGF-B-driven glioma models which differ from human tumours.
In clinical and preclinical studies anti-angiogenic treatment of glioblastoma has been shown to normalize blood vessels and prevent leakage of contrast agents suggesting a restoration of the blood-brain barrier (Reardon et al., 2008; Carmeliet and Jain, 2011; Keunen et al., 2011 ). An unanswered question of major clinical interest is whether this will improve or impede drug delivery to the brain. Here we show that the efflux properties of endothelial cells are retained in glioblastoma multiformes following anti-angiogenic treatment, suggesting that drug penetration through the blood-brain barrier may still be hampered by a functional drug-effluxing endothelium. Efficient drug delivery is a major concern in glioblastoma treatment, in particular with regard to the highly invasive component of glioblastoma, which is largely shielded by an intact blood-brain barrier. Given the protective role of drug efflux transporters of endothelial cells in the brain, transiently modulating transporter function on endothelial cells may improve drug delivery to target invasive glioblastoma cells. Unfortunately, currently available inhibitors of ABC transporters have been rather unsuccessful due to their toxicity (Fletcher et al., 2010) . Therefore more potent and specific transport inhibitors will be required for application in the brain.
In conclusion our findings contribute to an unbiased identification of cancer stem-like cells and stromal cells in brain neoplasms, and provide novel insight into the complex issue of drug delivery to the brain. Since efflux properties of endothelial cells are likely to compromise drug availability, transiently targeting ABC transporters may be a valuable therapeutic strategy to improve treatment effects in brain tumours.
